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The nucleocapsid (N) protein of the infectious bronchitis virus (IBV) may play an essential role in the repli- 
cation and translation of viral RNA. The N protein can also induce high titers of cross-reactive antibodies 
and cell-mediated immunity, which protects chickens from acute infection. In this study, we generated 
two monoclonal antibodies (mAbs), designated as 6D10 and 4F10, which were directed against the N 
protein of IBV using the whole viral particles as immunogens. Both of the mAbs do not cross react with 
Newcastle disease virus (NDV), infectious laryngotracheitis virus (ILTV) and subtype H9 avian influenza 


jcc virus (AIV). After screening a phage display peptide library and peptide scanning, we identified two linear 
Bronchine B-cell epitopes that were recognized by the mAbs 6D10 and 4F10, which corresponded to the amino acid 
Coronavirus sequences *44FGPRTK?4’ and !%° DLIARAAKI23, respectively, in the IBV N protein. Alignments of amino acid 
Epitope sequences from a large number of IBV isolates indicated that the two epitopes, especially 74*FGPRTK?*’, 


were well conserved among IBV strains. This conclusion was further confirmed by the relationships of 
18 heterologous sequences to the 2 mAbs. The novel mAbs and the epitopes identified will be useful for 
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Phylogenetic analysis 


developing diagnostic assays for IBV infections. 


© 2012 Elsevier B.V. All rights reserved. 


1. Introduction 


Coronaviruses (CoVs) are found in a wide variety of ani- 
mals where they cause respiratory, enteric, and neurological 
diseases with variable severity. Based on genotypic and serological 
analyses, CoVs are divides into 3 genera; alpha-, beta- and gammaz- 
coronaviruses (Carstens, 2009). Alpha- and beta-coronaviruses 
have been isolated from mammals, while gamma-coronaviruses 
cause avian infectious bronchitis (IBV), as well as the genetically 
closely related Turkey coronavirus (Cao et al., 2008; Cavanagh et al., 
2001; Gomaa et al., 2008; Guy, 2000) and pheasant coronavirus 
(Cavanagh et al., 2002). Numerous variants and serotypes of IBV 
continue to be discovered in poultry flocks worldwide (Cavanagh 
et al., 1988, 1992; Dolz et al., 2006; Farsang et al., 2002; Gelb et al., 
1991; Han et al., 2011; Wang and Huang, 2000) that cause infec- 
tious bronchitis (IB), which is responsible for mortality in young 
chickens, economic losses due to poor weight gain, and a reduction 
in the egg quality and quantity (Cavanagh and Gelb, 2008). 
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Like the typical genomic organization found in other gamma- 
coronaviruses, the 3’ end of the IBV genome contains the main 
structural genes; the spike glycoprotein (S), the small membrane 
protein (E), the integral membrane protein (M), and the nucleocap- 
sid protein (N), as well as several accessory genes, usually in the 
order S-Gene 3-E-M-Gene 5-N (Boursnell et al., 1987). The S1 sub- 
unit of the S protein carries virus-neutralizing and serotype-specific 
determinants, but it exhibits high sequence diversity among dif- 
ferent IBV serotypes. By contrast, the N protein is highly conserved 
with 91.0-96.5% similarity in different IBV strains (William et al., 
1992). Its primary function is the formation of the viral ribonucleo- 
protein complex, but it is also considered that the IBV N protein 
is multifunctional. Its intracellular localization suggests that it is 
a likely component of the coronavirus replication and transcrip- 
tion complex. Furthermore, the N protein can induce high titers of 
cross-reactive antibodies and cell-mediated immunity, which pro- 
tects chickens from acute infections (Ignjatovic and Galli, 1994; 
Seo et al., 1997; Tang et al., 2008). Most of the IBV N protein is 
composed of 409 amino acids with a predicted molecular weight 
of 45 kDa. The N protein is a phosphoprotein that can bind viral 
RNA with high affinity (Chen et al., 2005) and it is expressed 
abundantly during infections (Cavanagh, 2005). Thus, it is a tar- 
get protein when designing infectious bronchitis (IB) vaccines (Tian 
et al., 2008) and a frequent target of diagnostic applications (Chen 
et al., 2003; Gibertoni et al., 2005; Ndifuna et al., 1998). However, 
most of the diagnostic assays had been focused on the antibody 
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detection using recombinant N proteins. In the sampling practices 
in poultry farms in China, it is very common to take tracheal swabs 
to look for respiratory virus infections, though it is also very com- 
mon to take blood samples to detect antibody. Hence, new assays 
focusing on virus detection, such as using mAD(s) against N pro- 
tein, would be an improvement on current available diagnostic 
assays. 

Naive B-cells, which are the principal agents of humoral immune 
responses, are stimulated by the specific recognition and bind- 
ing of B-cell receptors to a region of the antigen known as the 
epitope. Together with co-stimulation by T-lymphocytes, naive B- 
cells become fully activated then proliferate and differentiate into 
memory and plasma cells, while the latter act as key engines for 
producing specific antibodies. The identification and mapping of 
B-cell epitopes on antigens has been a subject of intense research 
because knowledge of these markers has profound implications for 
the development of peptide-based diagnostics, therapeutics, and 
vaccines. B-cell epitopes may consist of linear, contiguous stretches 
of amino acids in a protein, or they can be discontinuous stretches 
of amino acids that are brought together spatially via protein fold- 
ing. The majority of B-cell epitopes are discontinuous in nature, but 
difficulties in the design of such epitopes have led to an emphasis 
on the identification of linear B-cell epitopes. Monoclonal anti- 
bodies (mAbs) are used widely as powerful tools for identifying 
linear epitopes, or for mimicking the epitopes of a variety of infec- 
tious agents (Deng et al., 2007; Kaverin et al., 2007; Zhang et al., 
2011). In this study, we prepared mAbs against the N protein of IBV 
strain tl/CH/LDT3/03I and used them to screen for linear B-cell epi- 
topes. The results provided important insights that could facilitate 
the development of possible specific diagnostics for IBV infection 
and that further our understanding of the antigenic structure of N 
protein. 


2. Materials and methods 


2.1. Viruses and their propagation in specific pathogen-free 
embryonated eggs 


IBV strain tl/CH/LDT3/03I was isolated in 2003 from a teal in 
Guangdong Province, China (Liu et al., 2005), and it was used for the 
preparation and identification of mAbs, as well as for N gene cloning 
and expression. To investigate the reactivity of the 2 mAbs, 25 het- 
erogeneous IBV strains, i.e., 20 field strains and 5 vaccine strains, 


Table 1 
Background information of IBV strains used in Western blotting in the present study. 
IBV strain Country? Year? 
H120 Vaccine - 
H94 Vaccine - 
IBN Vaccine - 
M41 US 1965 
CK/CH/LHN/OOI China (Henan) 2000 
JAAS Vaccine - 
Jj9 Vaccine - 
CK/CH/LDL/97I China (Dalian) 1997 
tl/CH/LDT3/03 China (Guangdong) 2003 
CK/CH/LHLJ/04V China (Heilongjiang) 2004 
CK/CH/LSD/031 China (Shandong) 2003 
CK/CH/LTJ/951 China (Tianjin) 1995 
CK/CH/LGD/O04 II China (Guangdong) 2004 
CK/CH/LXJ/02I China (Xinjiang) 2002 
CK/CH/LLN/98I China (Liaoning) 1998 
LX4 China (Xinjiang) 1999 
TW2575/98 China (Taiwan) 1998 
CK/CH/LGD/O4 III China (Guangdong) 2004 
CK/CH/LSD/051 China (Shandong) 2005 


* Country (province) where the viruses were isolated. 
> Year when viruses were isolated. 


were used as representatives of different IBV types (Liu et al., 2006; 
Ma et al., 2012). The backgrounds of the 25 heterogeneous IBV 
strains are shown in Table 1. All IBV strains were propagated once 
in 9-11-day-old specific pathogen-free (SPF) embryonated chicken 
eggs and the presence of viral particles in the allantoic fluids of 
inoculated eggs was confirmed using a negative contrast electron 
microscope (JEM-1200, EX) and by RT-PCR, as previously described 
(Liu and Kong, 2004). 

Newcastle disease virus (NDV) La Sota vaccine strain, infectious 
laryngotracheitis virus (ILTV) (Tong et al., 2001) and subtype H9 
avian influenza virus (AIV) (Yu et al., 2008) were used for evalu- 
ating the cross-reactivity with the 2 mAbs. All these virus strains 
were propagated once in 9-11-day-old SPF embryonated chicken 
eggs and the presence of NDV and subtype H9 AIV viral particles in 
the allantoic fluids of inoculated eggs was confirmed by HI using 
specific antibodies, respectively (Majiyagbe and Hitchner, 1977). 
The ILTV was confirmed by RT-PCR as previously described (Tong 
et al., 2001). 

Fertile white Leghorn embryonated SPF chicken eggs were 
obtained from the Laboratory Animal Center, Harbin Veterinary 
Research Institute, Chinese Academy of Agricultural Sciences, 
China. 


2.2. Generation and identification of mAbs 


Six 8-week-old BALB/c female mice were immunized sub- 
cutaneously with condensed IBV tl/CH/LDT3/03I virus-infected 
allantoic fluids (Yu et al., 2010) mixed with Freund’s complete 
adjuvant, followed by two booster immunizations. The proto- 
cols used for the preparation of mAbs and ascetic fluids were 
as previously described (Ruf et al., 1983; Vilella et al., 1983; Yu 
et al., 2010). All hybridomas were cloned via at least 3 rounds 
of limiting dilution. Primary screening of hybridomas was by 
enzyme-linked immunosorbent assay (ELISA) using a commer- 
cial total antibody ELISA kit (IDEXX Corporation, Westbrook, ME, 
USA), according to the manufacturer’s instructions. The mAbs were 
reacted with both IBV tl/CH/LDT3/031 virus particles and recombi- 
nant N protein as coating antigens for ELISA and Western blotting, 
respectively. The mAb classes and subclasses were determined 
using an SBA Clonotyping System/HRP kit (Southern Biotechnology 
Associates, Birmingham, AL, USA). Two mAbs, designated as 6D10 
and 4F10, were identified and used for further fine-level epitope 
mapping. 


Type GenBank accession number 
Mass AY856349 

Mass EF602438 

Mass AY856349 

Mass FJ904720 

N1/62 associated strain EF602456 

N1/62 associated strain AY839138 

N1/62 associated strain EF602440 
CK/CH/LDL/97I EF602445 
tl/CH/LDT3/03 AY702975 

LX4 FJ821744/FJ821725 
LX4 EF602457 

LX4 DQ287917 

LX4 EF602444 

LX4 EF602458 

LX4 EF602451 

LX4 AY338732 

TW-II AY606327 

Variant EF602447 

Variant EU637854/EU637824 
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Fig. 1. Phylogenetic tree constructed using the N genes from 228 IBV strains in GenBank using the neighbor-joining method. The IBV strains used for reacting with the 2 


mAbs, 6D10 and 4F10, are highlighted in bold. 
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Fig. 2. Reactivity of the 6-D10 and 4F10 mAbs with IBV strain tl/CH/LDT3/03 and recombinant N protein by Western blotting (A) and indirect ELISA (B). Dashes show the S/P 
ratios. Samples with S/P ratios equal to or above the dashes were considered positive, whereas those below were considered negative. 


2.3. Biopanning contained 2.7 x 10° electroporated sequences (1.5 x 101? pfu/ml). 
The mAbs were purified from the ascites fluids of mice that had 

A Ph.D.12'™ Phage Display Peptide Library Kit was pur- been inoculated with hybridoma cells and that secreted the mAbs 
chased from New England BioLabs Inc. The dodecapeptide library 6D10 and 4F10, using affinity chromatography with rProtein G 
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Table 2 
Sequences of the primers used in this study. 


Fragment Primer sequence 


Negative-sense 
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ampli 
fied 

produ 
cy (bp 


sTCGACTTACAACTCATTCTCTCCAAG 


AITCCTGTTCCAGTGTAATAGAA 


GTCGACTTACAGAGGAATGAAGTCCCA 
GTCGACTTAIATCACCAAAATTACCCTC 
GTCGACITAATCACAAATTTTTACATA 
SAQTTAKCAACTCATTCTCTCCAAG 
ean 


GCACGGGCAATCAGATCCATG 


TCGACTTACCTCTGCTGGTCC 


AGTAAG SGCACGGGCAATCATG 


* Underlining indicates restriction enzyme sites (Bam HI and Sal I) introduced into each primer. The boxed ATGs and TAAs are the start codon and stop codon, respectively, 


which were introduced into the primers of each N gene fragments. 


> The nucleotide positions correspond to those in the sequence of the IBV tl/CH/LDT3/03 N gene with GenBank accession no. AY702975. 


(Sigma, USA), according to the manufacturer’s instructions, and 
the concentration was determined. mAbs 6D10 and 4F10 were 
obtained with high purity (>90%, as determined by SDS-PAGE) and 
used for biopanning. Three successive rounds of biopanning were 
carried out according to the manufacturer’s instructions. Briefly, 
one well of a 96-well microtiter plate was coated with 15 wg of 
each mAb in coating buffer (0.1 M NaHCOs3, pH 8.6), followed by 
blocking with blocking buffer (0.1 M NaHCOs3, pH 8.6, 0.02% NaN3, 
and 5mg/ml BSA) for 2h at 4°C. About 1.5 x 10!! pfu (4 x 10!° 
phages, i.e., 10 wl from the original library) were added to a well and 
incubated for 1h at room temperature. The unbound phages were 
removed by successive washes with TBS buffer (50 mM Tris-HCl, 
pH 7.5, 150mM NaCl), which contained gradually increasing 
concentrations (0.1%, 0.3%, and 0.5%) of Tween-20, and the bound 
phages were eluted using elution buffer (0.2 M glycine-HCl, pH 
2.2) containing 1 mg/ml BSA. The eluted phages were amplified in 
early-log phase Escherichia coli ER2738 strain cells. 


2.4. Phage ELISA and the sequencing of DNA inserts displayed by 
phage clones 


After 3 rounds of biopanning, 10 individual phage clones 
were selected and assayed for target binding using a sandwich 
ELISA, according to the manufacturer’s instructions. Briefly, 96- 
well microtiter plates were coated overnight with 10 wg of each 
mAb, while anti-porcine IFN-y mAb (Sigma, USA) served as the 
negative control. After 2h of blocking with blocking buffer at 
4°C, the phage clones were added to the wells (2 x 10!! pfu in 
100 pl per well) and incubated with agitation for 2h at room 
temperature. Bound phages were reacted with horseradish per- 
oxidase (HRP)-conjugated anti-M13 antibody (Pharmacia, USA), 
followed by color development with substrate solution contain- 
ing O-phenylenediamine (OPD). The positive phage clones detected 
by the phage ELISA were sequenced using the —96 glIII sequencing 


primer 5’-TGA GCG GAT AAC AAT TTC AC-3’, as described in the 
manufacturer’s instructions. 


2.5. Construction of a recombinant plasmid and expression of 
recombinant proteins 


The IBV tl/CH/LDT3/03I N gene and N gene fragments were 
cloned and sequenced, as previously described (Yu et al., 2010). 
To allow directional cloning into the expression vector pGEX-6p-1, 
Bam HI and Sal I recognition sites were introduced to the 5’ ends 
of the forward and reverse primers (Table 2). The directionality of 
the recombinant plasmid was verified by restriction analysis and 
nucleotide sequencing. The plasmid was transformed into E. coli 
BL21 (DE3) cells for expression. A series of fusion proteins with 
the expected molecular weights were induced by 1mM IPTG, as 
previously described (Yu et al., 2010). The cells were harvested 
by centrifugation and the pellets were suspended in phosphate- 
buffered saline (PBS; pH 7.4). Recombinant proteins were stained 
with Coomassie blue after SDS-PAGE, as previously described (Yu 
et al., 2010). To prepare the purified proteins, the inclusion body 
proteins were separated by SDS-PAGE, the proteins of interest were 
excised, and the gel slices were crushed and added to an appropri- 
ate volume of sterilized PBS. The extracted proteins were used for 
Western blotting and ELISA. 


2.6. Western blotting and indirect ELISA 


In the Western blotting analysis, the IBV-, NDV-, LITV- and 
AIV H9-infected allantoic fluids, homogenized tracheal swabs or 
suspended pellets in PBS were electrophoresed by SDS-PAGE using 
10% acrylamide gel and transferred onto nitrocellulose mem- 
brane using a mini trans-blot system (Bio-Rad, USA), according 
to the manufacturer’s instructions. Nonspecific binding to the 
membrane was blocked with 5% skim milk in PBS containing 
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0.05% Tween-20 (PBST) overnight at 4°C. The membrane was 
washed three times with PBST and incubated with the 6D10 and 
4F10 mAbs for 1h at 37°C, respectively. After three washes with 
PBST, the membrane was incubated with HRP-conjugated goat 
anti-mouse IgG (1:5000 dilution in PBS, pH 7.4) for 1h at 37°C. 
Following another three washes, the mAb binding to the antigen 
was detected using 3,3-diaminobenzidine tetrahydrochloride 
(DAB), which was stopped by rinsing the membrane in deionized 
water, followed by drying of the membrane. In the indirect ELISA, 
each microplate well was coated with 400 ng of each recombinant 
GST fusion proteins, blocked with 5% skim milk in PBST for 2h 
at 37°C, and incubated with the 6D10 and 4F10 mAbs for 1h at 
37°C, followed by incubation with HRP-conjugated anti-mouse 
IgG for 1h at 37°C. The color was developed with TMB (3,3’,5,5’- 
tetramethylbenzidine) substrates for 15 min and stopped with 2M 
H2SOz,. Sterile allantoic fluids and recombinant GST were used as 
negative controls. 


2.7. Phylogenetic analysis of the IBV N protein genes and a 
comparison of the conservation of the epitope-containing 
sequences of IBV strains 


The N protein genes from the 228 IBV strains available in Gen- 
Bank were aligned and used to construct the phylogenetic trees. 
The GenBank accession numbers are shown in Fig. 1. Nucleotide 
sequence alignment was conducted using the CLUSTAL method and 
phylogenetic trees were constructed using the neighboring-joining 
method. Analysis of the epitope-containing sequences of IBV strains 
was performed using the MegAlign application in the Lasergene 
software package. 


2.8. Virus recovery 


The 10 swab samples taken from 8-day-old broilers of a com- 
mercial broiler flock and the 5 SPF chicken tracheal swab samples 
were processed individually and used for virus recovery as previ- 
ously described (Liu et al., 2005). Briefly, individual samples were 
homogenized, diluted 1:4 with PBS, clarified by centrifugation at 
300 x g for 5min and filtered with a Teflon membrane. The fil- 
tered samples were inoculated into at least four 9-day-old SPF 
embryonated eggs via the allantoic cavity (0.2 ml per egg). The eggs 
were candled daily to record embryo mortality. After 7 days, the 
remaining embryos were chilled at 4°C and examined for char- 
acteristic IBV lesions such as the dwarfing, stunting, or curling 
of embryos. Embryo mortality recorded in the first 24h post- 
inoculation was considered non-specific and a positive sample was 
recorded if the specific lesions were observed. 


3. Results 
3.1. The 2 mAbs were active against IBV N protein 


Two hybridomas, 6D10 and 4F10, were found to secrete mAbs 
specifically against the IBV tl/CH/LDT3/03 N protein (Fig. 2). 
The mAbs recognized recombinant N protein and the native IBV 
tl/CH/LDT3/03 antigen according to Western blotting (Fig. 2A). The 
reactivity and specificity of the 6D10 and 4F10 mAbs were con- 
firmed using a commercial ELISA and an ELISA where whole IBV 
tl/CH/LDT3/03 virus particles were used as the coating antigen 
(Fig. 2B). In addition, the 2 mAbs, 6D10 and 4F10, showed no reac- 
tions with other respiratory viruses, such as NDV, ILTV and H9 
subtype AIV, using Western blotting. The 2 mAbs were determined 
to be IgG1 (K) and IgG2b (K). 
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Fig. 3. Finely mapping of the epitope for mAb 6D10 in avian infectious bronchitis 
virus N protein. The sequences of 12 peptides displayed by the selected phage clones 
were shown. A consensus sequence, 242FGPRTK247, displayed by the 10 phages 
had a good match with the N protein of IBV at amino acids 242-247 (A). The reac- 
tivity of mAb 6D10 with three truncated recombinant N proteins, 242FGPRTK247, 
243GPRTK247 and 242FGPRT246, by Western blotting was illustrated (B). 


3.2. Fine level mapping of the epitope of 6D10 by screening the 
phage display peptide library 


The PhD-12™ Phage display peptide library phage kit (New 
England Biolabs, USA) was micropanned using the 2 mAbs against 
the N protein of IBV from the ELISA test. Ten clones were selected 
randomly from the binding phages of each mAb and sequenced 
using the dideoxy method. The results showed that that polypep- 
tides displayed by the 10 phage clones using mAb 6D10 were 
focused on amino acids 242-247 of the N protein (Fig. 3A), which 
clearly demonstrated that the crucial epitopes for mAb 6D10 were 
located within amino acids 242-247 of the IBV N protein, desig- 
nated as 244FGPRTK?*’. This peptide was expressed and recognized 
by mAb 6D10 using Western blotting, whereas GPRTK and FGPRT 
could not be recognized by mAb 6D10 (Fig. 3B). By contrast, the 
sequences of the phage clones screened by mAb 4F10 were all 
meaningless sequences and no epitopes of 4F10 were determined 
by biopanning the phage display peptide library. 


3.3. Fine level mapping of the epitopes of 4F10 by peptide 
scanning 


We did not screen the epitopes of mAb 4F10 using the phage dis- 
play peptide library in this study. This peptide may not be included 
in this phage display peptide library, although the exact reason 
is unknown. Thus, a series of 22 partially overlapping fragments 
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Fig. 4. Fine level localization of the mAb 4F10 epitope. The reactivity of mAb 4F10 with truncated recombinant N proteins by Western blotting (upper part of A) and ELISA 
(lower part of A). The names of the proteins are shown in B. GST was used as a negative control in both assays. The protein molecular markers are indicated by short lines. 
For the ELISA, the dashed line indicates the S/P ratio. Samples with S/P ratios equal to or above the dashes were considered positive, whereas those below were considered 


negative. 


covering the N gene of IBV tl/CH/LDT3/03 were expressed with a 
GST tag and used to screen for the minimal epitope of mAb 4F10. 
The epitope of 4F10 was mapped by peptide scanning, as previ- 
ously described (Yu et al., 2010). The strategy for expressing IBV 
N and truncated N fragments is shown in Fig. 4A. The entire N 
gene and its truncated fragments were expressed as GST fusion 
proteins in E. coli BL21 (DE3). All of the proteins were expressed 
successfully and they were tested by SDS-PAGE of the cell lysates 
after induction with IPTG. The GST fusion proteins were used for 
fine level mapping of the epitope of the IBV tl/CH/LDT3/03 anti- 
gen recognized by 4F10 (Fig. 4). Western blotting showed that 
the minimal recognition sequence was !¥°DLIARAAKI2°?, because 
a deletion of D195 or [203 destroyed the binding of mAb 4F10 to 
the GST fusion peptides (Fig. 4B). A similar reactivity was observed 
with ELISA using truncated peptides as coating antigens, which fur- 
ther confirmed that the linear epitope recognized in the N protein 
of IBV strain tl/CH/LDT3/03 by 4F10 appeared to be localized in 
1ISDLTARAAKI2Z93, 


3.4. Reactivity of the identified epitopes with the anti-IBV 
antibody 


The 2 peptides, !9°DLIARAAKI2Z9? and 242FGPRTK24’, which 
corresponded to the epitopes defined for mAbs 4F10 and 6D10, 
were used as antigens in Western blotting, which demon- 
strated that these peptides were also recognized by a chicken 
anti-IBV antibody. Fig. 5A and B show the results for 
1ISDLIARAAKI2Z9? and 242FGPRTK?2*’, respectively. 


3.5. Phylogenetic analysis of the N genes 


Phylogenetic analysis based on the nucleotide sequences of the 
N gene were performed to select heterogeneous IBV strains that 
reacted with the 2 mAbs. The 228 IBV strains were clustered into 
five distinct groups based on the N gene (Fig. 1). Most of the viruses 
were clustered into group I, which contained most of the IBV strains 
isolated from all over the world, such as IBV strains from China, US, 
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Fig.5. Reactivity of epitopes against mAbs 4F10 and 6D10 using a chicken antibody 
against IBV by Western blotting. The GST fusion proteins were used to react with 
chicken antibody against IBV, respectively, and SPF chicken sera was used negative 
control. The recombinant GST was used as a negative antigen control in both assays. 


Japan, South Korea, Israel, European countries, South Africa, and 
Australia. Viruses in this group could be clustered into several sub- 
groups. All viruses in group II were from China, except 2 IBVs from 
South Korea. Group III included viruses isolated from the Southwest 
region of China. Viruses in group IV were all isolated from Taiwan 
province, China, while all of the viruses in group V were isolated 
from Australia. The viruses in each group or subgroup were highly 
genetically related as well as geographically related. Thus, the 
phylogenetic pattern based on the N genes suggested a common 
origin for these viruses. 


3.6. Conservation of the epitope-containing sequences in IBV 
strains 


A comparison was made to determine the conservation of 
epitope-containing and flank sequences of the 6D10 and 4F10 mAbs 
in N genes of all IBV strains used in the phylogenetic analysis. As 
shown in Fig. 6A, only 4/228 showed two amino acid changes and 
seven had one amino acid change, whereas the remaining 221 had 
identical sequences to the epitope of mAb 6D10, indicating the 
high conservation of the epitope in IBV genes. With the epitope 
of mAb 4F10, 59 sequences had one amino acid substitution, one 
sequence had two, while another had three substitutions the 228 
sequences examined in this study (Fig. 6B), which also showed that 
this epitope was conserved in the N gene of most IBVs. 


3.7. Reactivity with heterologous IBV strains 


Eighteen heterogeneous IBV strains were selected to investigate 
their reactivity with the 6D10 and 4F10 mAbs, based on the phy- 
logenetic analysis of N genes. The respective sequences in the N 
genes of the 18 IBV strains were identical to those recognized by 
the mAbs. All of the viruses react with the 2 mAbs in the Western 


blotting analysis, which further confirmed that the epitopes recog- 
nized by the 2 mAbs were conserved among IBVs. Fig. 7 shows the 
results for mAb 6D10 and a similar reactivity was observed for mAb 
AF10 (data not shown), which suggests that the epitope sequences, 
and/or mAbs, would be useful in the development of diagnostic 
reagents to differentiate between IBV and other respiratory viruses. 

In addition, sequence comparison showed that all 18 N proteins 
used for reactivity with mAb 6D10 are of the same sequence over 
the epitopes. But for the epitope-containing sequence of mAb 4F10, 
strains CK/CH/LGD/O4II and CK/CH/LGD/O4II were Asn at position 
195, and strains M41 and CK/CH/LSD/03I were Arg at position 202, 
respectively. The remaining 14 N proteins are of the same sequence 
over the epitopes. 


3.8. Detection of viruses from tracheal swabs using Western 
blotting and virus recovery 


Of the 10 tracheal swab samples collected from H120 vacci- 
nated broilers, 5 and 6 can be detected by the mAbs 6D10 and 4F10, 
respectively, by using Western blotting. However, 9 of these sam- 
ples are positive in virus recovery. The results are showed in Fig. 8. 
No virus had been detected from tracheal swabs of SPF chickens by 
either Western blotting using the 2 mAbs or by virus recovery. 


4. Discussion 


The identification of B-cell antigenic epitopes for the IBV struc- 
tural N protein has been limited (Ignjatovic and Sapats, 2005; Seah 
et al., 2000; Yu et al., 2010). In this study, we generated 2 mAbs 
against the N protein of IBV and we finely mapped two linear B-cell 
epitopes, i.e., 242FGPRTK24’ and !9°DLIARAAKI2°?, of the 2 mAbs 
by screening a phage display peptide library and peptide scanning, 
respectively. To the best of our knowledge, these 2 epitopes are 
the first finely mapped B-cell epitopes for the IBV N protein. In a 
previous study, Seah et al. (2000) used 12 fragments of the N gene 
expressed by E. coli, which were coupled with chicken convales- 
cent sera against Australia T, China Ch5, Singapore P4, USA M41, and 
China T3 isolates, to map the linear immunodominant epitopes of N 
protein into 3 regions that covered amino acid residues 175-241, 
310-370, and 360-409, although these epitopes were not finely 
mapped. The epitope !¥°DLIARAAKI2°? recognized by mAb 4F10 
was included in the first region identified by Seah et al. (2000) 
but the 242FGPRTK2*’ region recognized by mAb 6D10 was not 
included in these 3 regions. This discrepancy may be because differ- 
ent viruses were used as the antigens for generating convalescent 
sera or mAbs. The serotype tl/CH/LDT3/03 (Liu et al., 2005) used in 
our study was also a different serotype from those used by Seah 
et al. (2000). 

Nucleocapsid protein is produced abundantly in infections and 
it readily induces antibody so it is the preferred choice for the 
development of a group-specific diagnostic tool for IBV infections 
(Ndifuna et al., 1998). This is also true of other various RNA viruses, 
such as mumps, rabies, vesicular stomatitis, measles, and Newcas- 
tle disease viruses, which have been used as targeted antigens in the 
development of diagnostic agents (Linde et al., 1987; Reid-Sanden 
et al., 1990; Hummeletal., 1992; Ahmad et al., 1993; Errington etal., 
1995). The N protein of IBV contains 409 amino acids with a pre- 
dicted molecular mass of 50 kDa (Boursnell et al., 1987). Previous 
work has shown that the N gene of IBVs is highly conserved and they 
share 94-99% identity among various strains (Sapats et al., 1996; 
William et al., 1992), but genetic diversity has also been observed 
in IBV strains isolated during recent years (Liu et al., 2008a). To 
comprehensively analyze the degree of conservation, we carefully 
compared the two epitope-containing sequences in the N gene of 
all IBV strains (228 strains) available in GenBank. This showed that 
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Fig. 6. Alignment of the epitope motifs and flanking sequences of the 6D10 (A) and 4F10 (B) mAbs for the 228 strains. Epitope sequences are highlighted in grey. Deleted 
amino acid residues are represented by dashes. The number of viruses that shared the same motif are shown in parentheses. The viruses selected for comparison were the 


same as those shown in Fig. 1. 


Fig. 7. Reactivity of mAb 6D10 with 18 heterogeneous IBV strains by Western blotting. Of the 18 heterogeneous IBV strains, 12 are field isolates and the remaining 6 are 


vaccine strains. The protein molecular markers were also indicated (in arrowheads). 


the two epitope-containing sequences were conserved among IBV 
strains, which further confirmed our conclusions. 

We selected 18 heterologous IBV strains to test whether they 
could be recognized by the 2 mAbs by Western blotting, which 
further highlighted their suitability for the development of a 
diagnostic method using the mAbs and/or the epitope-containing 
sequences in the N gene. A large number of IBV N gene sequences 
were available in GenBank and a phylogenetic tree was con- 
structed, which was used as a criterion for the selection of IBV 


Strains. Remarkably, the phylogenetic relationship among IBV 
strains based on the N gene did not parallel those based on the S1 
genes (Han et al., 2011), which may be explained by recombination 
events in the genomes of IBV strains (Jackwood et al., 2010). There 
was a lack of IBV strains in group V in our laboratory (this group 
only contained viruses isolated in Australia) and the 18 viruses 
selected in this study only came from the four remaining groups 
(groups I-IV). Nevertheless, all of the heterologous IBV strains 
selected were well recognized by the 2 mAbs, which suggested 
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Fig. 8. Detection of viruses from tracheal swabs using western blotting and virus recovery. Of the 10 tracheal swab samples collected from H120 vaccinated broilers, 5 and 
6 can be detected by the mAbs 6D10 and 4F10, respectively, by using Western blotting, however, 9 of these samples are positive in virus recovery. 


that the epitopes recognized by the 2 mAbs were conserved among 
the heterologous IBV strains. However, by using Western blotting, 
IB viruses can not be detected from some of the tracheal swabs 
of chickens which recently vaccinated with H120 vaccines, which 
may be due to the limited viruses. 

Viral upper respiratory diseases such as IBV (Liu and Kong, 
2004), NDV (Liu et al., 2008b), subtype H9 AIV infection (Ji et al., 
2010), and ILTV (Pang et al., 2002) are a serious problem in farms 
in China. The detection of IBV infections of poultry flocks is a 
major challenge because of the difficulty in differentiating this 
condition from other upper respiratory diseases. Thus, appropri- 
ate diagnostic methods are needed and they are an important 
tool for taking appropriate preventive steps. Another problem 
that complicates IBV detection and diagnosis is the existence of 
multiple serotypes of IBV, which co-circulate in vaccinated and 
non-vaccinated chicken flocks (Liu and Kong, 2004). The astonish- 
ing diversity of IBV in chickens is probably a result of the higher 
mutation rate of RNA viruses due to the infidelity of their poly- 
merases and higher opportunity for recombination because of their 
unique replication mechanism, which suggests that there are prob- 
ably many other unknown types and that many more will emerge 
in chickens. 

The availability of the mAbs and their corresponding epitope- 
containing sequences identified in this study will facilitate the 
development of diagnostic molecular assays to differentiate 
between IBV and other respiratory viruses, and to identify unknown 
types of IBVs or future IBV strains. However, because the 2 mAbs can 
recognize both field isolates and commonly used vaccine strains, 
they can not be used for developing diagnostic molecular assays 
to differentiate between field isolates and vaccines. In addition, we 
have identified a small amount of variations across both epitopes 
by comparing IBV N gene sequences in the GenBank database. How- 
ever, because of the limited IBV strains available in our laboratory, 
we only tested cross-reactivity of 18 heterogeneous IBV strains 
which contained identical sequences over the epitope regions. In 
the future study, we will generate a series recombinant N pro- 
teins by mutating the GST-N constructs according to the sequence 
variations across both epitopes to identify the reactivity of the 
two antibodies to non-identical sequences of N proteins. Never- 
theless, the development of these diagnostic assays will be very 
challenging. 
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